Study Objectives: Optimal sleep is ensured by the interaction of circadian and homeostatic processes. Although synaptic plasticity seems to contribute to both processes, the specific players involved are not well understood. The EphA4 tyrosine kinase receptor is a cell adhesion protein regulating synaptic plasticity. We investigated the role of EphA4 in sleep regulation using electrocorticography in mice lacking EphA4 and gene expression measurements. Methods: EphA4 knockout (KO) mice, Clock Δ19/Δ19 mutant mice and littermates, C57BL/6J and CD-1 mice, and Sprague-Dawley rats were studied under a 12 h light: 12 h dark cycle, under undisturbed conditions or 6 h sleep deprivation (SLD), and submitted to a 48 h electrophysiological recording and/or brain sampling at different time of day. Results: EphA4 KO mice showed less rapid eye movement sleep (REMS), enhanced duration of individual bouts of wakefulness and nonrapid eye movement sleep (NREMS) during the light period, and a blunted daily rhythm of NREMS sigma activity. The NREMS delta activity response to SLD was unchanged in EphA4 KO mice. However, SLD increased EphA4 expression in the thalamic/hypothalamic region in C57BL/6J mice. We further show the presence of E-boxes in the promoter region of EphA4, a lower expression of EphA4 in Clock mutant mice, a rhythmic expression of EphA4 ligands in several brain areas, expression of EphA4 in the suprachiasmatic nuclei of the hypothalamus (SCN), and finally an unchanged number of cells expressing Vip, Grp and Avp in the SCN of EphA4 KO mice. Conclusions: Our results suggest that EphA4 is involved in circadian sleep regulation.
INTRODUCTION
Sleep is required for brain functioning and the maintenance of cognitive abilities, 1, 2 and alterations in sleep are observed in psychiatric and neurological conditions such as bipolar disorders and neurodegenerative diseases. 2, 3 Understanding cellular and molecular mechanisms of sleep regulation and their relationship to brain health is essential to define new therapeutic targets to alleviate sleep disturbances and cognitive impairments.
Sleep is tightly regulated by two main processes, a circadian and a homeostatic process, the interaction of which determines the quality of both wakefulness and sleep. 4 The homeostatic pressure for sleep varies according to the prior duration of sleep and wakefulness and reflects sleep need. Sleep need rises during waking, and thus increases with prolonged wakefulness or sleep deprivation (SLD), and declines during sleep. The dynamics of specific markers such as electrocorticographic (ECoG) delta power (1-4 Hz) measured during nonrapid eye movement sleep (NREMS) indexes homeostatic sleep pressure. 5, 6 The circadian process modulates sleep timing, duration, and organization, 4 and is controlled by the master clock located in the hypothalamic suprachiasmatic nuclei (SCN) in mammals. Circadian regulation depends on a molecular transcriptional-translational feedback loop that involves the core Both sleep regulatory processes seem to be linked to changes in synaptic functioning and therefore to mechanisms regulating synaptic plasticity. On the one hand, NREMS delta activity, the main marker of sleep homeostasis, is both affected by and affecting synaptic communication. For instance, altering the activity of plasticity mediators, such as N-methyld-aspartate glutamate receptors, with the use of antagonists modulates NREMS delta power, 8, 9 whereas delta oscillations during NREMS contribute to changes in synaptic strength through a glutamate receptor-dependent mechanism. 10 On the other hand, synaptic plasticity events are also relevant to circadian regulation. 11 Indeed, in the SCN, neuronal firing rate is lower during the active period than the inactive period, 12 and the number of glutamatergic synapses on SCN vasoactive intestinal peptide (VIP) neurons is lower during the night than the day. 13 In addition, molecular elements governing the circadian clock transcriptional-translational feedback loop, also called clock genes, appear to shape synaptic function outside the SCN, as mice carrying clock gene mutations show deficits in synaptic plasticity in the hippocampus.
14, 15 Consequently, EphA4 Regulates Sleep-Freyburger et al.
although most underlying mechanisms remain to be defined, synaptic modifications play roles in the physiology of both sleep regulatory processes. Our recent work on Neuroligin-1 (NLGN1) supports a role for synaptic adhesion systems regulating glutamate transmission in sleep regulation, and implicates clock genes in this pathway. 16 In the adult brain, ephrins and their Eph receptors are also implicated in the regulation of neuronal and neuronglia communications. 17 EphA4, in particular, regulates synaptic strength by downregulating the expression of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) glutamate receptors, 18 and mice lacking EphA4 exhibit impairments in both functional and morphological plasticity. [19] [20] [21] These observations thus place EphA4 in a strategic position to act as a modulator of synaptic activity as a function of wakefulness and sleep.
Here, we verified the role of EphA4 in sleep regulation using ECoG recording in EphA4 knockout (KO) mice performed during baseline condition and after SLD, and using gene expression measurements. First, we measured vigilance state duration and ECoG spectral activity during wakefulness and sleep with a particular focus on electrophysiological markers of circadian and homeostatic sleep regulation (i.e., dynamics of NREMS delta and sigma activity). 22, 23 Because SLD extensively affects the brain transcriptome, [24] [25] [26] [27] we also assessed the gene expression response to SLD in EphA4 KO mice using quantitative polymerase chain reaction (qPCR) and microarray. In addition, we evaluated the effect of both SLD and time of day on the expression of elements of the ephrin/Eph system in three different brain regions in C57BL/6J mice. Last, the possibility that EphA4 represents an output from the circadian system was verified by measuring its expression in Clock Δ19 mutant mice and in the SCN, and by quantifying the expression of the major SCN neuropeptides in EphA4 KO mice. Our observations support a role for the ephrin/Eph system in sleep regulation.
METHODS

Animals and Protocols
Mice (all males) were maintained under standard housing conditions (food/water ad libitum, 22-25°C, 12 h light: 12 h dark [LD12 :12] ). EphA4 mutant mice 28 were generously given by Keith K. Murai (McGill University) and bred on site. Homozygous EphA4 KO mice, and heterozygote (HET) and wildtype (WT) littermates were used for ECoG, qPCR, microarray, neurological assessment, and in situ hybridization. The ECoG of 44 mice (n = 13 KO [12.1 ± 0.3 w old, 21.1 ± 0.6 g], 16 HET [11.9 ± 0.2 w old, 23.1 ± 0.4 g], 15 WT [11.8 ± 0.2 w old, 24.4 ± 0.6 g]; significant genotype effect on weight F2,41 = 9.3, P < 0.01) was recorded during a 24-h baseline, during a 6-h SLD starting at light onset (Zeitgeber time 0: ZT0), and during 18 h of recovery. One week after the ECoG measurement, some of the same mice were sacrificed at ZT6 (6 h after light onset) under undisturbed condition (n = 4 KO, 4 WT) or after a second 6-h SLD (n = 5 KO, 6 WT), and forebrains (hindbrain excised) were used to measure the gene expression response to SLD. Neurological function was evaluated twice (ZT0 and ZT11) in a different cohort of mice (n = 7 KO [9.9 ± 0.2 w old, 20.5 ± 0.6 g], 7 HET [10.1 ± 0.2 w old, 22.3 ± 1.0 g], 10 WT [10.3 ± 0.3 w old, 24.2 ± 0.6 g]; significant genotype effect on weight F 2,21 = 6.6, P < 0.01).
The effect of SLD on messenger RNA (mRNA) expression of targeted Eph receptors and ephrins was measured in the cerebral cortex, hippocampus and, to ensure rapid dissection, a region covering the thalamus and hypothalamus in C57BL/6J (B6) mice (12 w old) sacrificed at ZT6 after a 6-h SLD (n = 6-7) or under undisturbed condition (n = 5-7). SLD was performed by gentle handling. 29 The effect of time of day on mRNA expression of the specific Eph receptors and ephrins in the same three brain regions was measured in B6 mice sacrificed at ZT0, ZT6, ZT12, and ZT18 under undisturbed condition (n = 4-5 per time, 10.5 w old). Clock Δ19/Δ19 mutant mice and WT littermates were the same animals as those used in a previous study, 30 for which sacrifice was performed every 6 h under LD12:12 (ZT2 = 2 h after light onset, ZT8, ZT14, ZT20; n = 4-5 per genotype per time). Right forebrains were dissected from previously frozen whole brains. All mice used for qPCR gene expression measurements were sacrificed by cervical dislocation.
For in situ hybridization measuring EphA4 expression, two WT CD-1 mice (5 w old) and two male Sprague-Dawley rats (225-250 g; Charles River Laboratory) were injected with a lethal dose of ketamine/xylazine (80/10 mg/kg, intraperitoneally) around ZT6, and perfused through the heart with 4% paraformaldehyde in sodium tetraborate 0.1 M pH 9.5. For in situ hybridization measuring Vip, Grp, and Avp expression, three EphA4 KO mice (14.7 ± 2.8 w old) and three WT littermates (14.7 ± 2.8 w old) were sacrificed by cervical dislocation around ZT6, and brains were immediately embedded in O.C.T. Compound (Thermo Fisher Scientific, Waltham, MA, USA) and frozen. Experiments were approved by Animal Care and Use Committees (Hôpital du Sacré-Coeur de Montréal, Douglas Mental Health University Institute, Comité de déon-tologie de l'expérimentation animale Université de Montréal).
Vigilance State Analyses
EphA4 KO mice and littermates were implanted for ECoG and electromyography (EMG) as detailed previously. 16 ECoG/ EMG was recorded 10 d postsurgery for 48 h (24 h baseline, 6 h SLD and 18 h recovery, as indicated in the previous section). Signals were recorded and processed as done previously. 16 Wakefulness, NREMS, and rapid eye movement sleep (REMS) were visually assigned to each 4-sec epochs, and total durations were calculated for the 12 h light and dark periods, and expressed as a percent total recording time. Mean duration of vigilance state bouts was averaged per light and dark periods and per hour. The total number of REMS bouts, and number of short (32 sec) and long (4 min and 16 min) episodes of vigilance states were calculated for the 12-h light. Sleep latency after SLD was calculated as the time between the end of the SLD and the first sleep episode lasting ≥ 1 min, and not interrupted by more than two consecutive 4-sec epochs scored as wakefulness. NREMS lost was calculated as the difference between NREMS during SLD and the corresponding 6-h interval during baseline. The effect of SLD and recovery on NREMS and REMS duration was assessed using accumulated differences from the corresponding baseline values. ECoG spectral analysis was performed using Fast Fourier transform (FFT) to calculate 24-h mean power between 0.75 and 30 Hz per 0.25 Hz for the three vigilance states. Two mice were removed from baseline spectral analyses and SLD sleep architecture analyses, and one additional mouse for SLD spectral analyses because of artifacts. Spectra were normalized to total activity of all Hzbins in all states. The time course of delta (1-4 Hz) and sigma (10-13 Hz) activity during NREMS was calculated using averages per equal intervals as done previously, 16 and expressed in percent of the 24-h mean baseline for each mouse.
EMG and Neurological Function
EphA4 KO mice have dysfunctions in motor coordination and locomotion. 28 We verified the effect of these dysfunctions on EMG tone using spectral analysis. The bipolar EMG signal of artifact-free epochs was submitted to FFT to calculate the 24-h mean baseline power between 10 and 64 Hz during vigilance states. Spectral power was normalized by expressing the activity in each state in percent of the total power for all states (three mice were excluded because of artifacts). Neurological function was evaluated at the beginning and end of the rest phase (ZT0 and ZT11) in EphA4 KO mice and littermates using a standardized 10-point Neurological Severity Score (NSS) as previously described, 16 which assesses motor function, physiological behavior, and alertness. were selected among Actin, Tbp, GusB, and Rps9 using Expression Suite v1.0 (Life Technologies), and two or three controls were used to perform relative quantification using a modified ΔΔCt method (Expression Suite v1.0, Life Technologies).
Quantitative Polymerase Chain Reaction
Microarray Analyses
Sense-strand cDNA synthesis, fragmentation, labeling, hybridization and microarray scanning were performed by McGill University and Génome Québec Innovation Centre (Montreal, QC, Canada). A synthesized sense-strand cDNA was generated from 250 ng of total RNA using the Ambion WT Expression kit according to the manufacturer's instructions (Life Technologies). Fragmentation and labeling of the cDNA were done with the Affymetrix GeneChip WT Terminal Labeling kit also according to the manufacturer's instruction (Affymetrix, Santa Clara, CA, USA). DNA was hybridized on Mouse Gene 2.0 ST Array (Affymetric) and incubated at 45°C in a Genechip Hybridization oven 640 (Affymetrix) for 17 h at 60 rpm. Arrays were then washed in a GeneChips Fluidics Station 450 (Affymetrix) using Affymetrix Hybridization Wash and Stain kit according to the manufacturer's instructions (Affymetrix). Last, microarrays were scanned on a GeneChip scanner 3000 (Affymetrix). All microarray analyses were performed using R (R Core, 2004, www.R-project.org) and Bioconductor packages (www.Bioconductor.org) similar to those described in our previous publication. 27 Normalized expression signals were calculated from Affymetrix CEL files using the RMA function of the oligo Bioconductor package. 31 Control and low intensity probesets were removed prior to the differential expression analysis, leaving 22,568 probes for statistical analysis. Differential expressions were computed using the Bioconductor package "limma". 32 A linear model was fit for each gene, and comparisons of interest were extracted as contrasts (KO-control, KO-SLD, WT-control, WT-SLD). P values were adjusted for multiple testing with the Benjamini and Hochberg method to control the false discovery rate (FDR). 33 A gene was called differentially expressed if its FDR was lower than 0.05.
In situ Hybridization
In situ hybridization for EphA4 was done as described elsewhere. 34 Briefly, fixed brains were postfixed, cryopreserved, and sectioned in 30 µm-thick sections. A 313 bp fragment of the EphA4 gene (NM_007936.3) was used for probe synthesis (construct generously provided by Elena B. Pasquale), and inserted in pGEM-7Z(+) plasmids in opposite orientations to produce 35 S-labeled sense and antisense riboprobes (T7 promoter). Probes were synthetized from 250 ng of linearized plasmids in transcription buffer 5X, 10 mM dithiothreitol, 0,2 mM R-ATP/ GTP/CTP, 100 µCi {α- 35 S} UTP, 40 U RNasin, and 20 U of RNA polymerase, and purified on mini Quick-Spin RNA columns (Roche Diagnostics, Mississauga, ON, Canada). Dehydrated slides were hybridized with 10 7 cpm of riboprobe in 1 mL of hybridization buffer. Sections were treated with RNase A (10 mg/mL), defatted in xylene, and slides were exposed on autoradiography film (KODAK BioMax, MR) during 15 d or dipped in liquid emulsion (Kodak NTB2) for light microscopy after 30 d.
In situ hybridization for Vip, Grp, and Avp was performed largely as described previously 35 for EphA4 KO mice and WT littermates. In brief, 25 µm fresh-frozen brain slices were hybridized overnight at ~67°C with digoxigenin (DIG)-labeled riboprobes. They were then incubated over-night in 1:5000 anti-DIG-alkaline phosphatase conjugated antibody (Roche) at 4°C and colorimetrically visualized the next day. Brightfield images were taken and stitched on an Axioskop 2 Mot Plus (Zeiss Microscopy). After blinded cell counts, total number of cells per hemisphere were estimated for each mouse (n = 3 per genotype).
Statistics
Vigilance state variables, spectral analysis data, NSS and gene expression measurements were compared using one-way or two-way analyses of variance (ANOVAs) with a repeated-measure design when appropriate. Effects were decomposed using post hoc Tukey tests, t tests, or planned comparisons. Significance level for repeated-measure analyses was adjusted using Huynh-Feldt correction. SCN cell counts were compared between genotypes using paired two-tailed t tests. Threshold for statistical significance was set to 0.05 and data are reported as mean ± standard error of the mean.
RESULTS
Altered REMS and Sleep Consolidation in EphA4 KO Mice
During the 24-h baseline, the duration of wakefulness and NREMS did not significantly differ between EphA4 KO mice and WT littermates. However, REMS duration was significantly lower in KO than WT mice during the light period ( Figure 1A ). This likely results from a lower number of REMS bouts (KO 75.5 ± 3.5, WT 87.2 ± 4.7, P = 0.08). The consolidation of vigilance state alternation, particularly that of wakefulness and NREMS, was also altered in EphA4 KO mice. KO mice showed longer bouts of wakefulness and NREMS than WT mice specifically during the light period ( Figure 1B) . The time course of the mean duration of NREMS bouts differed between genotypes with longer bouts in KO compared to WT mice found at the beginning and end of the light period ( Figure 1C ). In parallel, the number of short wakefulness and NREMS bouts (32 sec) was lower in KO than in WT mice, whereas the number of long bouts of NREMS (4 min) and wakefulness (16 min) was higher in KO mice compared to WT or HET ( Figure 1D ). HET mice did not significantly differ from WT or KO mice, except for three variables for which a significant difference from KO was observed (wakefulness bout mean duration during light, number of 16-min bouts of wakefulness and of 4-min bouts of NREMS). In summary, the absence of EphA4 impaired REMS occurrence during the light period, which was accompanied by more consolidated episodes of wakefulness and NREMS.
Neurological Function Deficit in EphA4 KO Mice
To verify that changes in wakefulness/sleep architecture in EphA4 KO mice did not result from a modified state identification caused by state-specific alterations in muscle tone, total EMG activity was compared between genotypes for each vigilance state. Although EMG activity seemed higher in KO mice in all vigilance states ( Figure 1E ), no significant difference was observed between genotypes. Nevertheless, a significant deficit in neurological function was found ( Figure 1F ), which was not influenced by time of day, and which adds to the literature showing dysfunctions in motor control and locomotion in these mice. 28 Blunted Dynamics of NREMS Sigma Activity in EphA4 KO Mice Power spectra during wakefulness and REMS were not significantly affected by the mutation (Figure 2A ). During NREMS, KO mice showed less delta/low theta activity than WT mice (Figure 2A) . However, the time course of delta activity during NREMS measured under undisturbed conditions did not significantly differ with genotype ( Figure 2B , upper panel). In contrast, the daily dynamics of NREMS sigma activity was significantly blunted in EphA4 KO mice compared to WT mice ( Figure 2B , lower panel), with KO mice showing lower sigma activity when WT expressed their maximum (end of light period) and higher sigma when WT mice expressed low activity (mid-dark period). Given that the time course of individual sigma frequency bins in humans was shown to differentially index circadian and homeostatic influences, 36 the time course of individual bins between 10 and 13 Hz was compared between genotypes ( Figure 2C ). Blunted dynamics were significant specifically for the 10 to 11 and 11 to 12 Hz bins, whereas the dynamics of 12 to 13 Hz activity, which seemed more strongly influenced by homeostatic sleep pressure, was not significantly affected by genotype.
Preserved Response to SLD in EphA4 KO Mice
Electrocorticography
To further explore if EphA4 has a role in sleep homeostasis, we measured the electrophysiological response to SLD in EphA4 KO mice. During the light period (first 6 h of recovery after SLD because no REMS was observed during SLD), REMS duration in KO mice was significantly lower than in WT and HET mice ( Figure 3A) , as it was observed during baseline.
Here, reduced REMS duration seemed to result from shorter individual REMS bouts ( Figure 3B ). Sleep latency after SLD, NREMS occurring during SLD and NREMS loss during SLD did not significantly differ between genotypes ( Figure 3C) . Moreover, the three genotypes not only lost a similar amount of NREMS during SLD, but also expressed a similar rebound of NREMS duration during recovery ( Figure 3D ). The time course of REMS loss and recovery also did not significantly differ with genotype ( Figure 3D) . Furthermore, the time course of delta activity during NREMS after SLD and of theta activity during wakefulness measured during and after SLD did not significantly differ with genotype ( Figure 3E) . Nevertheless, the dynamics of NREMS sigma activity (10-13 Hz) and specifically of the 12 to 13 Hz bin was affected by genotype, with HET mice showing higher activity in the first recovery hours after SLD ( Figure 3E and 3F).
Gene Expression
We also investigated the role of EphA4 in the response to SLD by measuring forebrain gene expression in EphA4 KO mice, with an initial focus on genes reported to be consistently increased by SLD (i.e., Arc, Bdnf, Fos, and Homer1A). 26, 27 The expression of EphA4, of two recognized ligands of EphA4, EfnB3, and EfnB2, and of a gene linked to DNA methylation that is modified by SLD (i.e., Mat2b) 37 was also measured. SLD significantly increased the expression of Arc, Bdnf, Fos, and Homer1A in both WT and KO mice ( Figure 4A ). The expression of EphA4 was not detectable in EphA4 KO mice, which confirmed the absence of the transcript. In WT mice, its expression tended to be increased by SLD (P = 0.1). EfnB2 expression was significantly higher in EphA4 KO than in WT mice, but no interaction with SLD was found. The effect of SLD on the expression of EfnB3 tended to differ between genotypes, whereas the effect of SLD on Mat2b was significantly affected by genotype ( Figure 4A ). This differential effect of SLD resulted from a higher expression in KO than in WT mice under undisturbed/nonsleep deprived condition.
Because Mat2b codes for a protein regulating the synthesis of S-adenosylmethionine, 38 a methyl donor involved in DNA methylation reactions, the observation of an increase in KO mice could suggest alterations in transcriptional regulation. Therefore, we measured the effect of the mutation and of SLD on genome-wide forebrain gene expression using microarray. SLD significantly changed the expression of 457 probes, including many of the transcripts known to be consistently modified by SLD (e.g., Arc, Bdnf, Hspa5, Sgk1, Nr4a1, Dnajb5, Cdkn1, Dio2, Vip). When analyzing the effect of SLD separately in KO and WT mice, 166 probes were significantly changed in KO mice and 131 probes in WT mice, with an overlap of 67 probes ( Figure 4B ). However, except for EphA4, no genomewide significant genotype effect was found. Moreover, only two probes showed a significant genotype-by-SLD interaction, one predicted gene (Gm7008), and Olfr661 (olfactory receptor 661). Overall, forebrain gene expression changes after SLD were thus similar in EphA4 KO and WT mice ( Figure 4C ).
SLD and Time of Day Affect the Expression of EphA4 and Related Elements
Given our finding of alterations in sleep macroarchitecture and microarchitecture in EphA4 KO mice, we investigated if homeostatic sleep pressure and time of day modulate the expression of specific elements of the ephrin/Eph system in B6 mice. This was specifically verified for two brain regions involved in sleep regulation, the cerebral cortex and a region covering the thalamus and hypothalamus, as well as for the hippocampus, which expresses high levels of EphA4 21 and is particularly sensitive to SLD. 39 Fos expression was used as a positive control of the effect of SLD, and was significantly increased by SLD in all regions ( Figure 5A ). Interestingly, only EphA4 showed a significant increase after SLD and only in the thalamic/hypothalamic region ( Figure 5A ). In all three brain areas, the expression of EphA4 and EfnB2 was not significantly modified by time of day ( Figure 5B ). However, in the cerebral cortex, a rhythmic expression was found for EphB2 and EfnB3 showing peak expression at ZT18 and ZT12, respectively. In the hippocampus, EfnA3 expression was significantly lower at ZT12 than at other times. In the thalamic/ hypothalamic region, opposite rhythms were found for EfnA3 and EfnB3 expression which, respectively, showed lower and higher expression at ZT12 than at ZT0 ( Figure 5B) . Overall, the expression of EphA4 and of targeted members of the same system responded to SLD or time of day in a brain area-dependent manner.
EphA4/Ephrins Expression is Reduced in Clock Mutant Mice
Because the sleep phenotype in EphA4 KO mice included variables under circadian control (REMS, sleep consolidation, sigma dynamics), 23, 40 and because EphA4 expression was affected by SLD in the thalamic/ hypothalamic region, we suspected that EphA4 might represent an output from the circadian system and that its expression could be controlled by clock elements. In support of this, we observed that the putative promoter region of EphA4 and one of its ligands, EfnB3, contains many predicted E-box sequences (CANNTG) in both the mouse and rat genomes ( Figure 6A ). Given that the core clock transcription factors CLOCK and BMAL1 are known to bind to E-boxes in their target genes, 7 we evaluated if the expression of EphA4 and other ephrin/Eph is controlled by CLOCK. To do this, we measured the expression of ephrin/Eph-coding genes in Clock mutant mice at four different times. We found that the expression of EphA4, EfnA3, and EfnB2 was significantly decreased in the forebrain of Clock mutant mice ( Figure 6B) . In addition, we tested whether EphA4 is expressed in the central circadian clock using in situ hybridization on mouse and rat brains. We indeed found EphA4 expression in the SCN ( Figure 6C and 6D) , in addition to high expression in the cerebral cortex and striatum and modest expression in other hypothalamic and thalamic nuclei ( Figure 6D ).
Preserved Cell Number Expressing SCN Neuropeptides in
EphA4 KO Mice Given our observation of EphA4 expression in the SCN, and given that Vip KO mice exhibit a decrease in REMS specifically in the light period, 41 and that another adhesion molecule, PSA-NCAM, regulates VIP neuron number in the SCN, 42 a developmental change in SCN neuropeptide disposition could represent a mechanism underlying the sleep phenotype observed in EphA4 KO mice. As a first attempt to evaluate the role of EphA4 in SCN development, we quantified the expression of Vip, Grp, and Avp in EphA4 KO mice. However, the number of SCN neuropeptide-positive cells was not significantly different in EphA4 KO mice compared to WT littermates for all three neuropeptides studied ( Figure 7 ). In addition, the overall morphology of SCN subdomains demarcated by these neuropeptides appeared to be intact. Thus, these observations support that a developmental change in the pattern of expression of SCN neuropeptides is unlikely to contribute to the sleep alterations observed in EphA4 KO mice. 
DISCUSSION
Our findings point to an implication of the ephrin/Eph system, and particularly of EphA4, in sleep regulation. We first report that, under baseline condition, mice not expressing EphA4 have less REMS and longer bouts of wakefulness and NREMS during the rest period. This was accompanied by a blunted dynamics of sigma activity during NREMS. Nevertheless, the electrophysiological and molecular response to SLD in KO mice was similar to that of WT mice, except for the expression of Mat2b, which was significantly higher in KO mice under control conditions. Furthermore, we highlighted that the expression of EphA4 and members of its system is modulated by homeostatic sleep pressure and by daytime in different brain areas linked to sleep, and that some of these genes contain cis clock regulatory elements and have their expression modified in Clock mutant mice. Overall, these findings and the observation that EphA4 mRNA is expressed in the SCN support an implication of this specific adhesion protein in circadian sleep regulation. The sleep phenotype of animals lacking EphA4 is reminiscent of a preserved sleep homeostat but of an altered circadian regulation of sleep. Indeed, although NREMS delta activity was generally decreased in EphA4 KO mice, its dynamics during baseline and after SLD, which indexes sleep homeostasis, were indistinguishable from those of WT mice. Conversely, we observed that several sleep variables under circadian control were altered in EphA4 KO mice. First, the daily dynamics of NREMS sigma activity, which has been linked to circadian regulation, 23, 36 was blunted. Moreover, EphA4 KO mice showed decreased REMS duration specifically during the light period in baseline, and the distribution of REMS is another sleep parameter under the influence of the circadian clock. 40 The decrease in REMS duration in the light period only is still present after SLD, indicating a robust phenotype, whereas changes in wakefulness and NREMS bout duration and of sigma dynamics after SLD appear to override the between-genotype difference for these variables. These results could thus suggest that the loss of EphA4 affects the circadian regulation of sleep.
Interestingly, under baseline conditions, decreased REMS duration was accompanied by more consolidated wakefulness and NREMS, as reflected by longer individual bouts. This could suggest that a lowered pressure for REMS might be permissive to enhance consolidation of other states in mice. Reduced REMS duration accompanied by longer wakefulness and NREMS bouts has also been reported in Vip KO mice. 41 Of note is that enhanced wakefulness and NREMS consolidation in EphA4 KO mice do not occur in combination with better cognitive functions. On the contrary, EphA4 KO mice express spatial memory deficits, 43 in addition to impaired locomotion and neurological function. Memory deficits could be related to decreased REMS duration and altered sigma activity because REMS and sleep spindles (associated with NREMS sigma activity) have been linked to hippocampus-dependent and independent memory. 1, [44] [45] [46] [47] Nevertheless, memory deficits of EphA4 KO mice could be independent from sleep alterations and rather result from other abnormalities in brain circuitry. Accordingly, future work should assess if sleep alterations contribute to memory impairments in EphA4 KO mice.
In addition to the electrophysiological response to SLD, the gene expression response to SLD was also highly similar in EphA4 KO and WT mice, further supporting a minor role, if any, for EphA4 in sleep homeostasis. The expression of targeted immediate early genes was increased by SLD independent of genotype, and in a manner similar to previous studies. 48, 49 Also, the genome-wide gene expression response to SLD was not significantly affected by genotype, and resembled that previously reported for the forebrain using microarray, 26, 27 even if the absence of EphA4 differentially affected the expression of Mat2b, a transcriptional regulator. 50 Nevertheless, the expression of EphA4 itself responded to SLD in the thalamus/hypothalamus, potentially suggesting a modulatory role under elevated sleep pressure. Our future work will aim at defining the functional significance of this change in normally developed animals. A significant SLD effect was found for Arc, Bdnf, Fos, and Homer1A (F1,15 ≥ 11.6, P < 0.001). A tendency for a SLD effect was found for EphA4 (t = −1.7, P = 0.1). A significant genotype effect was found for EfnB2 (F1,15 = 6.9, P < 0.02). A significant genotype-by-SLD interaction was found for Mat2b (F1,15 = 4.9, P < 0.05), and a trend for such interaction was found for EfnB3 (F1,15 = 3.1, P = 0.09). *P < 0.05, **P < 0.01, ***P < 0.001 between indicated points. Importantly, our results reveal a pathway by which clock elements can be linked to synaptic activity in various brain areas. We indeed report that ephrin/ Eph elements (1) are expressed in a rhythmic manner, (2) present cis regulatory elements in their genes that might mediate regulation by clock transcription factors, and (3) have an altered expression in Clock mutant mice. The presence of E-boxes in EphA4 and EfnB3 genes does not necessarily implicate transcriptional regulation by core clock factors because E-box elements are not all functional. The functionality of identified elements will thus need to be verified using in vitro mutagenesis assays. 30, 51 Nevertheless, this observation in combination with findings of rhythmic expression of specific ephrin/Eph in different brain regions and of decreased EphA4, EfnA3, and EfnB2 expression in Clock mutant mice suggest regulation by core clock transcription factors. This last observation was likely enabled by the absence of compensation by other partners of BMAL1, such as NPAS2, given the dominant negative nature of the Clock Δ19 mutation. 52 Yet, regional differences in the rhythmic expression of the different ephrin/Eph may originate from differential transcriptional regulation by different clock elements (e.g., NPAS2 versus CLOCK). Indeed, CLOCK and BMAL1 may regulate the rhythmic expression of some ephrin/Eph elements in certain brain areas, whereas NPAS2 and BMAL1 may regulate the expression of the same or different ephrin/Eph in other regions. This is in agreement with the reported brain area-specificity in ephrin/Eph expression and with their various roles in neuronal function. 17 In the hippocampus specifically, given the high expression of EphA4, 21 and our finding of rhythmic expression of its ligand EfnA3, control of ephrin/Eph by clock elements may represent a route by which synaptic plasticity varies with time of day. 53 Such a pathway could contribute to deficits in hippocampal long-term potentiation (LTP) in animals with clock gene mutations. 14, 15 In the cerebral cortex, rhythmic expression of EphB2 and EfnB3 may also impact on synaptic activity as well as plasticity. Last, rhythmic expression of EphA4 ligands (EfnA3, EfnB3) in the thalamus/hypothalamus could contribute to the circadian sleep phenotype observed here given the numerous thalamic/hypothalamic nuclei involved in sleep regulation.
Considering that EphA4 is expressed in the SCN, it is also tempting to speculate that its modulatory effects on circadian sleep variables originate from the SCN. The absence of EphA4 was shown to impair synaptic potentiation as measured by long-term potentiation, 54 which was linked to the role of EphA4 in neuron-astrocyte communication. 17, 20, 21 Interestingly, astrocytic coverage in the SCN varies with time of day, 13 which represents a form of structural plasticity that modulates neurotransmission. 55 This is presumably dependent on astrocytes cytoskeletal rearrangement, which was shown to be attenuated in EphA4 KO astrocytes in culture. 56 A role of EphA4 in SCN structural plasticity could contribute to rhythmic changes of the SCN output signal, without necessarily altering SCN neuropeptide expression. Co-localization experiments assessing the SCN cell type(s) where EphA4 is expressed according to time and measuring circadian behavior in constant darkness in EphA4 KO mice will be required to define the contribution of this receptor to the circadian timing system.
Alternatively, developmental effects of the absence of EphA4 on sleep-relevant circuits could underlie the sleep phenotypes observed in EphA4 KO mice. Preservation of the number of cells expressing the main SCN neuropeptides in EphA4 KO mice suggests that developmental effects on SCN cell fate selection are not responsible. However, this does not rule out other possible developmental contributions. For example, EphA4 KO mice were shown to have a loss of the anterior commissure, 28 which mediates interhemispheric communication of numerous brain regions. Furthermore, EphA4 KO mice have a thinner cerebral cortex, 57 and an altered development of ventral trigeminal axons innerving the somatosensory cortex. 58 These or other structural/circuit abnormalities, related to the role of EphA4 in axon guidance, 59 could thus specifically affect REMS duration, sleep consolidation variables, and ECoG activity. However, circuit abnormalities in most regions cannot fully explain why EphA4 KO mice are showing altered sleep architecture variables only at certain times of the day (e.g., less REMS and longer NREMS bouts during the light period) and opposed changes in ECoG activity at opposite times of the day under baseline conditions (e.g., lower sigma in KO than WT during the light period but higher in KO than WT during the dark period). Aside from the SCN, these changes could originate from abnormalities in brain circuits controlling the daily pattern of, for instance, REMS such as the circuit encompassing the sublaterodorsal tegmental nucleus, which mainly expresses glutamate. 60 In the KO mice studied here, a minimal effect of developmental compensation by other molecules is expected on the sleep phenotype observed, because changes in dendritic spine morphology in EphA4 KO mice do not seem to be compensated for by other ephrins/Eph. 19 Nevertheless, we have observed a higher EfnB2 expression in EphA4 KO mice than in WT mice. Consequently, replication of our findings using targeted downregulation (or overexpression) strategies will be required to identify the precise brain circuits by which EphA4 (and ligands) regulate sleep architecture as well as ECoG activity.
To our knowledge, this is the first study implicating the ephrin/Eph system in sleep regulation. Importantly, in light of the role of EphA4 in synaptic plasticity, an implication of EphA4 in neurodegenerative diseases has been described. In fact, patients with Alzheimer's disease (AD) exhibit a twofold increase in EphA4 mRNA in synaptoneurosomes, 61 and the intracellular signaling of EphA4 is involved in synaptic transmission impairment in animal models of AD. 62, 63 Interestingly, AD patients and also animal models for AD have disturbances in the sleep-wake cycle and circadian rhythms. 64 Accordingly, our findings support the hypothesis that the same molecular elements are simultaneously regulating cognitive functioning 
